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Abstract
We calculate flavour dependent lepton asymmetries within the E6 inspired Super-
symmetric Standard Model (E6SSM), which has an extra U(1)N symmetry. In this
model, the right-handed neutrino doesn’t participate in gauge interactions, allow-
ing it to be used for both the see–saw mechanism and leptogenesis. Extra Higgs,
leptons and leptoquarks predicted by the E6SSM contribute to the ordinary lepton
CP asymmetries induced by the decays of the lightest right–handed neutrino (and
sneutrino) and give rise to a set of extra decay asymmetries. We find that the CP
asymmetries can be relatively large, even when the lightest right–handed neutrino
is as light as 106GeV.
1On leave of absence from the Theory Department, ITEP, Moscow, Russia
1. Introduction
The baryon asymmetry in the universe ηB = (nB − nB¯)/nγ = (6.21± 0.16)× 10−10 [1] is
one of the motivations to explore physics beyond the elementary particle Standard Model
(SM), if the Big Bang nucleosynthesis theory is the right description of the evolution of
the universe. Among new physics mechanisms for baryogenesis: are GUT baryogenesis
[2], electroweak baryogenesis [3]–[4], baryogenesis via leptogenesis [5]–[6], the Affleck-Dine
mechanism [7] and so on . Leptogenesis is a particularly interesting mechanism for the
generation of baryon asymmetry. It is almost unavoidable in seesaw models [8] because
all three Sakharov conditions [9] can be naturally fulfilled in this scenario. In particular,
the seesaw mechanism requires that lepton number is violated while complex neutrino
Yukawa couplings can provide a source for CP violation. In the simplest realisation of the
seesaw mechanism, i.e. in the so–called type I seesaw models, the lepton asymmetry is
induced by the heavy right-handed neutrino decays. This lepton asymmetry is partially
converted into baryon asymmetry via sphaleron processes [10].
A lot of work has been done in the scenario of the leptogenesis from right-handed
neutrino decay. Initially lepton CP asymmetries which stem from decays of the lightest
right-handed neutrino were calculated within the SM [11] and its minimal supersymmetric
(SUSY) extension (MSSM) [12] assuming the type I seesaw mechanism of neutrino mass
generation. In the early studies of leptogenesis (see for example [13]) flavour effects were
ignored. The importance of flavour effects was emphasised in [14], [15]. The process of
lepton asymmetry generation in the seesaw models with triplet scalar field and/or triplet
fermion field was analysed in [16]–[17]. In the case of Dirac neutrinos leptogenesis was
studied in [18].
A potential drawback of supersymmetric thermal leptogenesis is the lower bound on
the mass of the lightest right-handed neutrino M1. Indeed, it was shown that the ap-
propriate amount of baryon asymmetry in the SM and MSSM can be induced only if
M1 & 10
9GeV [19]. In the framework of supergravity the lower bound onM1 leads to the
gravitino problem [20] as follows. After inflation the universe thermalizes with a reheat
temperature TR. If TR > M1, right-handed neutrinos are produced by thermal scattering
in the reheating epoch. This means that thermal leptogenesis could take place in the
MSSM and other SUSY models if TR & 10
9GeV. At the same time such a high reheat-
ing temperature results in an overproduction of gravitinos. Because gravitinos have a
long lifetime they may decay during or after Big Bang Nucleosynthesis (BBN) destroying
the agreement between the predicted and observed light element abundances. Hence the
relic abundance of gravitinos should be constrained from above to preserve the success of
BBN. It was argued that the gravitino density becomes low enough when TR . 10
6−7GeV
1
[21]. For such a low reheating temperature and relatively small mass of the lightest right-
handed neutrino M1 ∼ TeV thermal leptogenesis in SUSY models can still be effective
if a set of soft supersymmetry breaking terms provides an additional source of both lep-
ton number violation and CP violation (soft leptogenesis) [22], [17]. TeV scale thermal
leptogenesis is also possible if the spectrum of heavy Majorana right-handed neutrinos is
quasi–degenerate (so–called resonant leptogenesis [23]) or the particle content of the con-
sidered models involves extra particles beyond the SM and/or MSSM [24]. Alternatively,
right-handed neutrinos can be produced non–thermally even at very low reheating tem-
peratures, for instance in inflaton decay [25], or in preheating [26]. The gravitino problem
can be evaded automatically if the gravitino is the lightest supersymmetric particle in the
considered SUSY model [27] or if it is rather heavy so that gravitinos decay before BBN
[28].
In this paper, we study the generation of lepton asymmetry in the framework of the
Exceptional Supersymmetric Standard Model (E6SSM) [29]-[30]. This E6 inspired SUSY
model is based on the low–energy standard model gauge group together with an extra
U(1)N gauge symmetry under which right-handed neutrinos have zero charge. In the
E6SSM the µ problem is solved in a similar way to the NMSSM, but without the accom-
panying problems of singlet tadpoles or domain walls. Because right–handed neutrinos do
not participate in the gauge interactions in the considered model they may be superheavy,
shedding light on the origin of the mass hierarchy in the lepton sector and providing a
mechanism for the generation of lepton and baryon asymmetry of the Universe.
Our analysis presented here goes well beyond what has appeared so far in the literature
[31]. In this article we calculate lepton CP asymmetries that stem from the decays of the
lightest right-handed neutrino taking into account flavour effects. It means that, in con-
trast with [31], we treat the decay asymmetries associated with different lepton flavours
in the final state separately. We also define and compute flavour CP asymmetries origi-
nating from the decays of the lightest right–handed neutrino into the exotic leptoquarks
(and squarks) that carry lepton and baryon number simultaneouly where our results differ
from those in [31]. Finally we perform a comprehensive numerical analysis of the impact
of the new particles and interactions appearing in the E6SSM on the CP asymmetries
within see–saw models with sequential dominance of right–handed neutrinos [32]–[34].
Our results show that it may be possible to achieve successful thermal leptogenesis even
with reheat temperature as low as 106GeV.
The paper is organised as follows. In the next section we briefly review the E6SSM.
In section 3 we calculate lepton CP asymmetries within this model. The results of our
numerical analysis are discussed in section 4. Section 5 is reserved for our conclusions
and outlook.
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2. Exceptional SUSY model
The E6SSM is based on the SU(3)C × SU(2)W × U(1)Y × U(1)N gauge group which is a
subgroup of E6. An additional low energy U(1)N , that is not present either in the SM or
in the MSSM, is a linear superposition of U(1)χ and U(1)ψ, i.e.
U(1)N =
1
4
U(1)χ +
√
15
4
U(1)ψ , (1)
where U(1)ψ and U(1)χ symmetries are defined by:
E6 → SO(10)× U(1)ψ , SO(10)→ SU(5)× U(1)χ .
To ensure anomaly cancellation the particle content of the E6SSM is extended to include
three complete fundamental 27 representations of E6 at low energies. These multiplets
decompose under the SU(5)× U(1)N subgroup of E6 as follows:
27i →
(
10,
1√
40
)
i
+
(
5∗,
2√
40
)
i
+
(
5∗, − 3√
40
)
i
+
(
5,− 2√
40
)
i
+
+
(
1,
5√
40
)
i
+ (1, 0)i .
(2)
The first and second quantities in the brackets are the SU(5) representation and extra
U(1)N charge while i is a family index that runs from 1 to 3. An ordinary SM family
which contains the doublets of left-handed quarks Qi and leptons Li, right-handed up-
and down-quarks (uci and d
c
i) as well as right-handed charged leptons, is assigned to(
10,
1√
40
)
i
+
(
5∗,
2√
40
)
i
. Right-handed neutrinos N ci should be associated with the
last term in Eq. (2), (1, 0)i. The next-to-last term in Eq. (2),
(
1,
5√
40
)
i
, represents
SM-type singlet fields Si which carry non-zero U(1)N charges and therefore survive down
to the EW scale. The pair of SU(2)W–doublets (H1i and H2i) that are contained in(
5∗, − 3√
40
)
i
and
(
5,− 2√
40
)
i
have the quantum numbers of Higgs doublets. So they
form either Higgs or inert Higgs SU(2)W multiplets
1. Other components of these SU(5)
multiplets form colour triplets of exotic quarks Di and Di with electric charges −1/3 and
+1/3 respectively. These exotic quark states carry a B − L charge
(
±2
3
)
twice larger
than that of ordinary ones. Therefore in phenomenologically viable E6 inspired models
they can be either diquarks or leptoquarks.
In addition to the complete 27i multiplets the low energy particle spectrum of the
E6SSM is supplemented by SU(2)W doublet H
′ and anti-doublet H
′
states from extra 27′
and 27′ to preserve gauge coupling unification. These components of the E6 fundamental
1We use the terminology ”inert Higgs” to denote Higgs like doublets that do not develop vacuum
expectation values (VEVs).
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representation originate from
(
5∗,
2√
40
)
of 27′ and
(
5, − 2√
40
)
of 27′ by construction.
The splitting of 27′ and 27′ multiplets can be naturally achieved, for example, in the
framework of orbifold GUTs [35]. Thus, in addition to a Z ′ corresponding to the U(1)N
symmetry, the E6SSM involves extra matter beyond the MSSM with the quantum numbers
of three 5+5∗ representations of SU(5) plus three SU(5) singlets with U(1)N charges. The
presence of a Z ′ boson and exotic quarks predicted by the E6SSM provides spectacular
new physics signals at the LHC which were discussed in [29]-[30], [36].
As any other supersymmetric model, the E6SSM suffers from problems related with
rapid proton decay. In other words gauge symmetry does not forbid lepton and baryon
number violating operators. Moreover exotic particles in the E6 inspired SUSY models
give rise to new Yukawa interactions that induce unacceptably large non-diagonal flavour
transitions in general. To suppress flavour changing processes in the E6SSM an approx-
imate ZH2 symmetry is imposed. All superfields except one pair of H1,i and H2,i (say
Hd ≡ H1,3 and Hu ≡ H2,3) and one SM-type singlet field (S ≡ S3) are odd under this
symmetry. The ZH2 symmetry reduces the structure of the Yukawa interactions to:
WE6SSM ≃ λS(HuHd) + λαβS(H1αH2β) + κijS(DiDj) + fαβ(HdH2α)Sβ
+f˜αβ(H1αHu)Sβ + h
U
ij(HuQi)u
c
j + h
D
ij (HdQi)d
c
j + h
E
ij(HdLi)e
c
j + h
N
ij (HuLi)N
c
j
+
1
2
MijN
c
iN
c
j + µ
′(L4L4) + h
E
4j(HdL4)e
c
j + h
N
4j(HuL4)N
c
j .
(3)
where L4 ≡ H ′, L4 ≡ H ′, α, β = 1, 2 and i, j = 1, 2, 3 . One can notice that the survival
components from the 27′ and 27′ manifest themselves in the Yukawa interactions (3) as
fields with lepton number L = ±1. Consequently, L4 couples to other fields as a fourth
family lepton doublet and our notations reflect this. The SU(2)W doublets Hu and Hd,
that are even under ZH2 symmetry, play the role of Higgs fields generating the masses of
quarks and leptons after electroweak symmetry breaking (EWSB). The extra U(1)N gauge
symmetry forbids an elementary µ term in the superpotential of E6SSM but allows the
interaction of Higgs doublets with the SM–type singlet field S. The vacuum expectation
value (VEV) of the field S breaks the extra U(1)N symmetry thereby providing an effective
µ term as well as the necessary exotic fermion masses.
The superpotential of the E6SSM includes two types of bilinear terms. One of them,
µ′L4L4, is solely responsible for the masses of the charged and neutral components of L4
and L4. The corresponding mass term is not suppressed by E6 and is not involved in the
process of EWSB. Therefore the parameter µ′ remains arbitrary. Recent analysis revealed
that gauge coupling unification in the E6SSM is consistent with µ
′ around 100TeV [37].
Another type of bilinear terms
1
2
MijN
c
iN
c
j , determines the spectrum of the right–handed
neutrinos. These mass terms are forbidden by E6 and can be generated only after its
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breakdown [38]. Suppose N cH and N
c
H are components of some extra 27H and 27H
representations which develop VEVs along the D–flat direction 〈N cH〉 = 〈N
c
H〉 ≃ Λ. Then
the right–handed neutrino mass terms can be induced through the non–renormalisable
interactions of 27i and 27H of the form
ηij
MP l
(27H 27i)(27H 27j). As a result right–handed
neutrinos gain masses Mi of the order of
Λ2
MP l
<< MX . At the same time we assume
that Mi are much larger than µ
′ so that the right–handed neutrinos can decay either to
a Higgs particle and a fermion component of L4 or to a higgsino and a scalar component
of L4.
Although ZH2 eliminates any problem related with non-diagonal flavour transitions it
also forbids all Yukawa interactions that would allow the exotic quarks to decay. Since
models with stable charged exotic particles are ruled out by various experiments [39] the
ZH2 symmetry can only be an approximate one. But the breakdown of Z
H
2 should not
give rise to operators leading to rapid proton decay. There are two ways to overcome this
problem. The resulting Lagrangian has to be invariant either with respect to an exact
ZL2 symmetry, under which all superfields except lepton ones are even (Model I), or with
respect to an exact ZB2 discrete symmetry, under which exotic quark and lepton superfields
are odd whereas the others remain even (Model II). If the Lagrangian is invariant under the
ZB2 symmetry transformations then exotic quarks are leptoquarks. If Z
L
2 is imposed then
the baryon number conservation requires the exotic quarks to be diquarks. The breakdown
of ZH2 symmetry also leads to the new interactions of the right–handed neutrinos with
exotic particles. The corresponding terms in the superpotential of the E6SSM are given
by
∆W = ξαij(H2αLi)N
c
j + ξα4j(H2αL4)N
c
j + g
N
kijDkd
c
iN
c
j . (4)
The Yukawa couplings gNijk vanish if exotic quarks are diquarks and may have non—zero
values if exotic quarks are leptoquarks. Because ZH2 symmetry violating interactions may
give an appreciable contribution to the amplitude of K0 − K0 oscillations and give rise
to new muon decay channels like µ→ e−e+e− the Yukawa couplings of the related terms
are required to be small (. 10−3− 10−4). This suggests that ξαij should also be similarly
small, but does not provide any constraint on the couplings ξα4j .
Combining the appropriate terms in Eqs. (3) and (4) one can write the part of the
superpotential describing the interactions of the right–handed neutrinos with other bosons
and fermions in the following compact form:
WN = h
N
kxj(H
u
kLx)N
c
j + g
N
kijDkd
c
iN
c
j , (5)
where Hu3 ≡ Hu is the usual Higgs doublet, Huα ≡ H2α are the two extra inert Higgs
doublets, L4 is the extra lepton doublet, while Dk are the exotic quarks. Note that the
5
indices run over the following ranges x = 1, 2, 3, 4 while k, i, j = 1, 2, 3. In the Model I
gNkij = 0 so the only extra particles present are inert Higgs and the fourth lepton doublet,
whereas in the Model II all terms which appear on the right–hand side of Eq. (5) including
extra leptoquarks can be present.
3. Decay asymmetries in the E6SSM
3.1 CP asymmetries for the Model I
In this subsection we discuss Model I corresponding to the case of additional inert Higgs
and a fourth lepton family only. The case of additional leptoquarks is considered in the
next subsection.
In models with heavy right–handed neutrinos lepton asymmetry can be dynamically
generated and then get converted into a baryon asymmetry due to (B + L)–violating
sphaleron interactions. The generation of lepton asymmetry occurs via the out–of equilib-
rium decay of the lightest right–handed neutrino N1. The process of the lepton asymmetry
generation is controlled by the flavour CP (decay) asymmetries ε1, ℓk that appear on the
right–hand side of Boltzmann equations. In the SM there are three decay asymmetries
associated with three lepton flavours e, µ and τ . They are given by
ε1, ℓk =
ΓN1ℓk − ΓN1 ℓ¯k∑
m
(
ΓN1ℓm + ΓN1ℓ¯m
) . (6)
where ΓN1ℓk and ΓN1ℓ¯k are partial decay widths of N1 → Lk + Hu and N1 → Lk + H∗u
with k,m = 1, 2, 3. At the tree level CP asymmetries (6) vanish because ΓN1ℓk = ΓN1ℓ¯k .
If CP invariance is broken in the lepton sector the non–zero contributions to the CP
asymmetries arise from the interference between the tree–level amplitudes of the lightest
right–handed neutrino decays and one–loop corrections to them.
Supersymmetry gives rise to new channels of right–handed neutrino decay into sleptons
L˜k and Higgsino H˜u that also contribute to the generation of total lepton asymmetry. The
corresponding flavour CP asymmetries are defined as
ε1, eℓk =
ΓN1eℓk − ΓN1eℓ∗k∑
m
(
ΓN1eℓm + ΓN1eℓ∗m
) . (7)
In addition supersymmetry predicts the existence of a scalar partner of the right–handed
neutrino N˜1 (right–handed sneutrino). The decays of the right–handed sneutrino into
lepton and Higgsino and into slepton and Higgs provide another important origin of lepton
asymmetry. The right–handed sneutrino CP asymmetries can be determined similarly to
6
the neutrino ones
εe1, ℓk =
Γ eN∗
1
ℓk
− Γ eN1ℓ¯k∑
m
(
Γ eN∗
1
ℓm
+ Γ eN1 ℓ¯m
) , εe1, eℓk = Γ eN1eℓk − Γ eN∗1 eℓ∗k∑
m
(
Γ eN1eℓm + Γ eN∗1 eℓ∗m
) . (8)
The direct computation of decay asymmetries in SUSY models reveals that
ε1, ℓk = ε1, eℓk = εe1, ℓk = εe1, eℓk . (9)
In the Exceptional SUSY model the relation between different types of decay asym-
metries (9) remains intact. But extra particles predicted by the E6SSM result in the
new channels of the decays of right–handed neutrino and its superpartner. In the E6SSM
Model I only inert Higgs superfields and L4 are allowed to have non–zero Yukawa couplings
to the right–handed neutrino superfields (see Eq. (5)). Since the extra inert Higgs and
the fourth family of (vector-like) leptons are expected to be significantly lighter than N1
these Yukawa interactions induce new decay modes of the lightest right–handed neutrino
and sneutrino. A complete set of possible decay channels of the lightest right–handed
neutrino and sneutrino includes
N1 → Lx +Huk , N1 → L˜x + H˜uk , N˜1 → L¯x + H˜
u
k , N˜1 → L˜x +Huk , (10)
where index x changes from 1 to 4. At the tree level the rates of these decay modes of
N1 and N˜1 are set by the Yukawa couplings h
N
kx1. Supersymmetry implies that
ΓkN1ℓx + Γ
k
N1 ℓ¯x
= Γk
N1eℓx
+ Γk
N1eℓ∗x
= ΓkeN∗
1
ℓx
= ΓkeN1ℓ¯x = Γ
k
eN1eℓx
= ΓkeN∗
1
eℓ∗x
=
|hNkx1|2
8π
M1 , (11)
where superscript k represents either Higgs (Higgsino) if k = 3 or inert Higgs (inert
Higgsino) field if k = 1, 2 in the final state. Here and further we work in a field basis
where the charged lepton Yukawa matrix and mass matrix of the right–handed neutrinos
are diagonal. We also assume that supersymmetry breaking scale is negligibly small as
compared with M1. As a consequence all soft SUSY breaking terms can be safely ignored
in our calculations of decay asymmetries and rates.
Each decay channel (10) gives rise to the CP asymmetry that contributes to the
generation of total lepton asymmetry. In the considered case the definition of the CP
asymmetries (6) coming from the decays of the lightest right–handed neutrino can be
generalised in the following way
εk1, f =
ΓkN1f − ΓkN1f¯∑
m, f ′
(
ΓmN1f ′ + Γ
m
N1f¯ ′
) , (12)
where f and f ′ may be either ℓx or ℓ˜x while f¯ and f¯
′ should be associated with either ℓ¯x or
ℓ˜∗x. Here ε
3
1, ℓn
and ε3
1, eℓn
(n=1,2,3) are flavour CP asymmetries that stem from the decays of
7
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Lx
H
u
i
N1
Ly
H
u
k
Nj
Lx
H
u
i
N1
H
u
k
Ly
Nj
H
u
i
Lx
N1
L˜y
H˜
u
k
N˜j
Lx
H
u
i
N1
H˜
u
k
L˜y
Nj
H
u
i
Lx
N1
H
u
k
Ly
Nj
H
u
i
Lx
N1
H˜
u
k
L˜y
Nj
H
u
i
Lx
Figure 1: Diagrams that give contribution to the CP asymmetries in the E6SSM Model I, including the
presence of two extra inert Higgs doublets, and the fourth family lepton doublet.
the lightest right–handed neutrino into leptons (sleptons) and Higgs doublet Hu (Higgsino
H˜u) while ε
3
1, ℓ4
, ε3
1, eℓ4
, ε11, f and ε
2
1, f are extra CP asymmetries caused by the new decay
channels of N1. The denominators of Eqs. (12) contain a sum of partial decay widths of
the lightest right–handed neutrino. For εk1, ℓx this sum includes all possible partial widths
of the decays of N1 whose final state involves leptons and fermion components of L4. The
expressions for εk
1, eℓx
contain in the denominator a sum of partial decay widths of N1 over
all possible decay modes that have either slepton or scalar components of L4 in the final
state. The CP asymmetries caused by the decays of the lightest right–handed sneutrino
εk
e1, f
can be defined similarly to the neutrino ones. In this case the right–handed neutrino
field in Eqs. (12) ought to be replaced by either N˜1 or N˜
∗
1 .
As in the SM and MSSM the CP asymmetries within the E6SSM Model I arise due to
the interference between the tree–level amplitudes of the lightest right–handed neutrino
8
decays and the vertex and self–energy corrections to them. The corresponding tree–level
and one–loop diagrams are shown in Fig. 1. After the calculation of one–loop diagrams
we get
εk1, ℓx = ε
k
1, eℓx
= εk
e1, ℓx
= εk
e1, eℓx
=
1
4πA1
∑
j=2,3 Im
{
Ajh
N∗
kx1h
N
kxjf
S
(
M2j
M21
)
+
∑
m, y h
N∗
my1h
N
mxjh
N
kyjh
N∗
kx1 f
V
(
M2j
M21
)}
,
(13)
where
Aj =
∑
m,y
(
hN∗my1h
N
myj +
M1
Mj
hNmy1h
N∗
myj
)
,
fS(z) =
2
√
z
1− z , f
V (z) = −√z ln
(
1 + z
z
)
,
with k,m = 1, 2, 3 and x, y = 1, 2, 3, 4. The terms in the right–hand side of Eq. (13)
which are proportional to Aj are induced by the self–energy diagrams while all other
terms come from vertex corrections. It is worth to notice here that the coefficients in
front of fS(x) and fV (x) are not the same, in contrast to the simplest realisations of
Fukugita–Yanagida mechanism in the SM and MSSM. It means that in general vertex and
self–energy contributions to ε1, f and εe1, f are not related to each other in the considered
model. This is a common feature of the models in which right-handed Majorana neutrinos
interact with a few lepton doublets and with a few doublets that have quantum numbers
of Higgs fields.
Because inert Higgs and inert Higgsino fields do not carry any lepton number it is
convenient to define the overall CP asymmetries which are associated with each flavour,
i.e.
εtot1, f =
∑
k
εk1, f , ε
tot
e1, f
=
∑
k
εke1, f . (14)
These overall decay asymmetries enter in the right–hand side of Boltzmann equations
that describe the evolution of lepton number densities. The CP asymmetries (14) can be
written in a compact form
εtot1, f = ε
tot
e1, f
=
1
8π(TrΠ1)
∑
j=2,3
Im
{
AjΠ
j
fff
S
(
M2j
M21
)
+ (Πj)2fff
V
(
M2j
M21
)}
, (15)
where
Πjℓyℓx = Π
j
ℓ˜y ℓ˜x
=
∑
m
hN∗my1h
N
mxj (16)
are three 4× 4 matrices and Aj = TrΠj +M1
Mj
TrΠj∗ . Eqs. (15)–(16) indicate that despite
a large number of new couplings appeared due to the breakdown of Z2H symmetry only
9
some combinations of them contribute to the generation of lepton asymmetries. The
parametrisation of the overall flavour CP asymmetries presented above can be used in
any model in which lightest right-handed neutrino can decay into a few lepton multiplets
and a few SU(2)W doublets that have quantum numbers of Higgs fields.
In the case of unbroken ZH2 symmetry the analytical expressions for the decay asym-
metries (13) and (15) are simplified dramatically. In particular, CP asymmetries ε11, f and
ε21, f which are associated with the decays of N1 into either scalar or fermion component of
inert Higgs superfields H2α vanish when Z
H
2 symmetry violating Yukawa couplings tend
to zero. The analytical expressions for other decay asymmetries reduce to
ε31, ℓx = ε
3
1, eℓx
= ε3
e1, ℓx
= ε3
e1, eℓx
=
1
8π
∑
j=2,3 Im
[
hN∗3x1B1jh
N
3xj
]
∑
y |hN3y1|2
,
B1j =
∑
y
{
hN∗3y1h
N
3yjg
(
M2j
M21
)
+
M1
Mj
hN3y1h
N∗
3yjf
S
(
M2j
M21
)}
,
g(z) = fV (z) + fS(z) =
√
z
[
2
1− z − ln
(
1 + z
z
)]
,
(17)
where x and y vary from 1 to 4. If the second lightest and heaviest right–handed neutrinos
are significantly heavier than the lightest one, i.e. M2, M3 ≫ M1, the formulae for the
CP asymmetries (17) are simplified even further
ε31, ℓx ≃ −
3
8π
∑
j=2,3
Im
[
(hN†hN )1jh
N∗
3x1h
N
3xj
]
(hN†hN)11
M1
Mj
,
(18)
where (hN†hN)1j =
∑
y h
N∗
3y1h
N
3yj . From Eq. (17) one can see that the self–energy contribu-
tion to the flavour CP asymmetries is twice larger than the vertex one in the considered
case.
The derived analytical expressions for the CP asymmetries (17)–(18) are very similar
to the MSSM ones. Moreover when Yukawa couplings hN34j → 0 extra CP asymmetries
induced by the decays
N1 → L4 +Hu, N1 → L˜4 + H˜u, N˜1 → L¯4 + H˜u, N˜1 → L˜4 +Hu, (19)
go to zero and the results for the flavour lepton decay asymmetries obtained within the
MSSM are reproduced. However if Yukawa couplings hN34j have non–zero values the process
of generation of lepton asymmetry in the MSSM and E6SSM with unbroken Z
H
2 can be
entirely different because of the presence of superfields L4 in the particle spectrum of the
E6SSM. Indeed, since h
N
34j can be either of the order of or even larger than the Yukawa
couplings of the ordinary lepton superfields to the Higgs doublet Hu the decay rates and
CP asymmetries associated with the decays (19) can be substantially bigger than other
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Figure 2: Extra one–loop diagrams involving internal leptoquarks D that contribute to the CP asymme-
tries associated with the decays N1 → Lx +Huk in the E6SSM Model II
decay rates and asymmetries. The fermion and scalar components of the supermultiplet
L4 being produced in the decays of the lightest right–handed neutrino and sneutrino
sequentially decay either to the leptons or to the sleptons changing the induced lepton
number asymmetries.
3.2 CP asymmetries for the Model II
In the E6SSM Model II there are, in addition to the states in Model I, exotic leptoquarks
which carry baryon and lepton numbers simultaneously. In this case quark–lepton cou-
plings of Di and Di in the superpotential do not violate either baryon or lepton U(1)
global symmetries so that these interactions are allowed from the phenomenological point
of view. On the other hand these couplings violate ZH2 symmetry and therefore the
corresponding interactions should be rather weak.
The non–zero complex Yukawa couplings of the leptoquarks to the right–handed Ma-
jorana neutrinos (see Eq.(4)) give rise to extra contributions to the CP asymmetries which
correspond to different lepton flavours. These contributions come from the one–loop self–
energy diagrams shown in Fig. 2 that contain virtual (possibly exotic) quarks and squarks.
Because Yukawa couplings of the leptoquarks do not induce any one–loop vertex correc-
tions to the amplitude of the decay of the lightest right–handed neutrino, lepton decay
asymmetries can be described by Eqs. (13) in which A2 and A3 should be replaced by A˜2
and A˜3 where
A˜j = Aj +
3
2
∑
m,n
(
gN∗mn1g
N
mnj +
M1
Mj
gNmn1g
N∗
mnj
)
. (20)
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At the same time the interactions of Di and Di with N1 and quark superfields give
rise to the new channels of the lightest right–handed neutrino and sneutrino decays
N1 → Dk + d˜ci, N1 → D˜k + dci , N˜1 → Dk + di, N˜1 → D˜k + d˜ci, (21)
whereDk and D˜k are fermion and scalar components of leptoquark superfields while di and
d˜i are right–handed down type quarks and their superpartners. When the supersymmetry
breaking scale lies considerably lower than the lightest right–handed neutrino mass M1,
the corresponding partial decay widths are determined by the ZH2 symmetry violating
Yukawa couplings gNki1 only, i.e.
ΓiN1Dk + Γ
i
N1D¯k
= Γi
N1 eDk
+ Γi
N1 eD∗k
= Γi
eN∗
1
Dk
= Γi
eN1D¯k
=
= Γi
eN1 eDk
= Γi
eN∗
1
eD∗
k
=
3|gNki1|2
16π
M1 .
(22)
New channels of the decays of the lightest right–handed neutrino (or sneutrino) con-
tribute to the generation of lepton asymmetry via the sequential decay of leptoquarks and
their superpartners at low energies. Due to the lepton number conservation, each Dk and
D˜k produce a lepton in the final state whereas the decay of their antiparticles leads to
the appearance of an antilepton. As a consequence one can calculate lepton CP asym-
metries associated with each additional channel of the lightest right–handed neutrino (or
sneutrino) decay (21). We define the CP asymmetries caused by the decays of N1 into
the exotic quarks (squarks) as follows
εi1, qk =
ΓiN1qk − ΓiN1q¯k∑
j,m
(
ΓjN1qm + Γ
j
N1q¯m
) . (23)
In Eq. (23) qk can be either leptoquark fermion fields Dk or their scalar superpartners
D˜k whereas q¯k represents charge conjugate states Dk or D˜
∗
k. The superscripts i and j
indicate the generation number of the down type quark or its superpartner in the final
state. In the denominator of Eq. (23) we sum over possible partial widths of the decays
of N1 either into exotic quark and right–handed down type squark if ε
i
1, qk
= εi1, Dk or
into exotic squark and ordinary d–quark if εi1, qk = ε
i
1, eDk
. The CP asymmetries εi
e1, qk
which originate from the decays of the lightest right–handed sneutrino into the exotic
quark (squark) can be defined in a similar way replacing N1 in Eq. (23) by either N˜1 or
N˜∗1 . It is worth noticing that here we treat the CP asymmetries for the right–handed
neutrino (sneutrino) decays to leptons and leptoquarks separately. In other words we do
not combine together all possible partial widths of the decays of N1 into exotic quarks
(squark) and leptons (sleptons) in the denominator of Eq. (23) because leptoquarks and
lepton fields carry different quantum numbers.
In the tree level approximation, the CP asymmetries which are associated with the
new decay modes of N1 and N˜1 (21) vanish. The non–zero values of ε
i
1, qk
are induced
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Figure 3: Tree–level and one–loop diagrams that give contribution to the CP asymmetries associated
with the decays N1 → Dk + di involving final state leptoquarks D in the E6SSM Model II.
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after the inclusion of one–loop vertex and self–energy corrections to the decay amplitudes
of N1 and N˜1 if some of the Yukawa couplings of the right–handed Majorana neutrinos to
leptons and quarks are complex. The tree–level and one–loop diagrams that contribute to
the decay asymmetries (23) are presented in Fig. 3. The interference of the corresponding
tree–level decay amplitude with the one–loop corrections yields
εi1, Dk = ε
i
1, eDk
= εi
e1, Dk
= εi
e1, eDk
=
1
8πA0
∑
j=2,3 Im
{
A˜jg
N
kijg
N∗
ki1f
S
(
M2j
M21
)
+
∑
m,n g
N∗
mn1g
N
mijg
N
knjg
N∗
ki1f
V
(
M2j
M21
)}
,
(24)
where A0 =
∑
k, i g
N
ki1g
N∗
ki1. As before, supersymmetry ensures that the CP asymmetries
originating from the decays of the lightest right–handed neutrino and sneutrino are equal.
As in the case of the lepton decay asymmetries (13) the terms in the right–hand side of
Eqs. (24) involving A˜j stem from the self–energy diagrams while all other terms represent
vertex corrections. Again the coefficients in front of fS(x) and fV (x) are not equal unlike
the simplest realisations of Fukugita–Yanagida mechanism. From Eq. (24) it follows that
the decay asymmetries induced by the additional decay modes (21) depend not only on
the Yukawa couplings of exotic quarks and squarks to the right–handed neutrino but
also on the couplings of the right–handed neutrino to leptons and sleptons. Extra CP
asymmetries (24) tend to zero when the ZH2 symmetry violating Yukawa couplings g
N
kij
vanish.
We can also define the overall decay asymmetries which are associated with each
generation of exotic quarks, i.e.
εtot1, qk =
∑
i
εi1, qk , ε
tot
e1, qk
=
∑
i
εie1, qk . (25)
The overall decay asymmetries that stem from the decays of the lightest right–handed
neutrino and sneutrino can be presented in the following form
εtot1, f =
1
8π(TrΠ1)
∑
j=2,3 Im
{
A˜jΠ
j
fff
S
(
M2j
M21
)
+ (Πj)2fff
V
(
M2j
M21
)}
,
εtot1, k =
1
8π(TrΩ1)
∑
j=2,3 Im
{
A˜jΩ
j
kkf
S
(
M2j
M21
)
+ (Ωj)2kkf
V
(
M2j
M21
)}
,
A˜j = TrΠ
j +
M1
Mj
TrΠj∗ +
3
2
(
TrΩj +
M1
Mj
TrΩj∗
)
,
(26)
where we set εtot1, Dk = ε
tot
1, eDk
= εtot
e1, Dk
= εtot
e1, eDk
= εtot1, k, Ω
j
ki =
∑
m g
N∗
km1g
N
imj while Π
j
mn are
given by Eqs. (16). Compact parametrisation of the overall CP asymmetries (26) allows
elimination of a number of parameters on which total lepton asymmetry does not depend.
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4. Numerical Results and Discussions
We now consider the impact of new particles and interactions appearing in the E6SSM
on the numerical values of the lepton CP asymmetries originating from the decays of the
lightest right–handed neutrino and sneutrino. These decay asymmetries depend on all
Yukawa couplings of neutrino superfields. Because the purpose of our studies here is to
reveal the impact of extra couplings on the CP asymmetries we shall fix the Yukawa cou-
plings of the lightest right–handed neutrino and sneutrino to lepton and Higgs superfields
so that the observed pattern of neutrino masses and mixing angles is reproduced. Here,
as an example, we concentrate on the see–saw models [8] with sequential dominance (SD)
of right–handed neutrinos [32]–[34] which lead to the appropriate neutrino spectrum in a
technically natural way, i.e. small perturbations in the high energy input parameters do
not change substantially the neutrino mass splittings at low energies. This means that
small neutrino mass splittings are preserved in the presence of radiative corrections2.
4.1 Constrained Sequential Dominance
To review how sequential dominance works we begin by writing the right–handed neutrino
Majorana mass matrix in a diagonal basis as
MRR =


M1 0 0
0 M2 0
0 0 M3

 (27)
and the matrix of Yukawa couplings of the right–handed neutrino to lepton and Higgs
fields hNij in terms of (1, 3) column vectors Ai, Bi and Ci as
hNij = (A B C) =


d a a′
e b b′
f c c′

 . (28)
As before we assume that M1 ≪ M2 ≪ M3. We shall also assume that |d| ≪ |e| ∼ |f |.
The breakdown of electroweak symmetry induces Majorana mass terms for the left–
handed neutrino via the Yukawa interactions of the neutrino with the Higgs fields. After
the integrating out the right–handed neutrino we get
Lνmass =
(νTi Ai)(A
T
j νj)
M1
v22 +
(νTi Bi)(B
T
j νj)
M2
v22 +
(νTi Ci)(C
T
j νj)
M3
v22 , (29)
2In general the radiative corrections in see–saw models may be sufficient to destroy (or create) the
cancellations necessary to achieve the desired mass hierarchy [40].
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where v2 is a VEV of the Higgs doublet Hu. The 3 × 3 mass matrix of the left–handed
neutrino induced by Lνmass can be diagonalised by means of a unitary transformation that
may be written as a sequence of transformations
V ν † = P R23U13R12P12 , (30)
where
P =


eiω1 0 0
0 eiω2 0
0 0 eiω3

 , R23 =


1 0 0
0 cν23 s
ν
23
0 −sν23 cν23

 ,
U13 =


cν13 0 s
ν
13 e
−iδν
0 1 0
−sν13 eiδν 0 cν13

 , R12 =


cν12 s
ν
12 0
−sν12 cν12 0
0 0 1

 ,
P12 =


eiβ1 0 0
0 eiβ2 0
0 0 1

 ,
(31)
and sνij = sin θ
ν
ij , c
ν
ij = cos θ
ν
ij . The phase matrix P in the right hand side of Eq. (30) may
always be removed by an additional charged lepton phase rotation.
The Pontecorvo–Maki–Nakagawa–Sakata (PMNS) neutrino mixing matrix UPMNS [41]
is a product of unitary matrices V E and V ν †, where V E is associated with the diagonal-
isation of the charged lepton mass matrix. Since the charged lepton mixing angles are
expected to be small UPMNS ≈ V ν † in the first approximation. The only exception is
θ13. The CHOOZ experiment sets a stringent constraint on the value of θ13 . 0.2 [42].
Because θ13 is small it receives important contributions not just from θ
ν
13, but also from
the charged lepton angles [33]. Further we will assume that θν13 ≪ 1.
The sequential dominance implies that the first term in Eq. (29) gives a dominant con-
tribution to the mass matrix of the left–handed neutrino, the second term is subdominant
whereas the contribution of the last term in Eq. (29) is negligible [32]–[34]. This structure
of the mass terms guarantees that the mass of the heaviest left–handed neutrino m3 is
much larger than the mass of the second lightest one. If the heaviest left–handed neu-
trino is denoted ν3 then sequential dominance results in the physical neutrino eigenstate
ν3 ≃ d νe + e νµ + f ντ with the mass [33]
|m3| ≃ (|d|2 + |e|2 + |f |2)v22/M1 . (32)
Two other orthogonal combinations of neutrinos remain massless in the leading approx-
imation. The requirement of a small angle θν13 implies that |d| ≪ |e|, |f |. Then the
atmospheric angle θ23 is given by [33]
tan θ23 ≈ tan θν23 ≈
|e|
|f | . (33)
16
Although the leading approximation allows us to get an appropriate description of
atmospheric neutrino data, we need to go beyond it to account for the data of other
neutrino experiments. The contribution of the sub–leading right–handed neutrino does
not substantially change the mass of the heaviest left–handed neutrino state (32) and
atmospheric angle (33). However it gives rise to non–zero second lightest neutrino mass.
The sub–leading contributions to the left–handed neutrino mass matrix also induce mixing
between the heaviest and other left–handed neutrino states. The neutrino mass matrix
can be reduced to the block diagonal form by means of unitary transformations U13 if
θν13 ≈ ei(φ˜+φa−φe)
|a|(e∗b+ f ∗c)
(|e|2 + |f |2)3/2
M1
M2
+ ei(φ˜+φd−φe)
|d|√|e|2 + |f |2 , (34)
where φx are the phases of Yukawa couplings, i.e. x = |x|eiφx . The relative phase φe− φf
is chosen so that the angle θν23 is real. The phase φ˜ is fixed by the requirement that the
angle θ13 is real and positive. When d = 0 we get
φ˜ = φe − φa − ζ , ζ = arg(e∗b+ f ∗c) . (35)
It is worth to notice here that the angle θν13 is automatically small in the considered
approximation.
Finally, the left–handed neutrino mass matrix can be completely diagonalised by the
R12 rotation. Then the second lightest left–handed neutrino gets mass [33]
|m2| ≃ |a|
2v22
M2 sin
2 θν12
, (36)
while the solar angle is given by [33]
tan θ12 ≈ tan θν12 ≃
a
b cos θ23 − cei(φe−φf ) sin θ23
=
|a|
|b|c23 cos φ′b − |c|s23 cosφ′c
,
φ′b = φb − φa − φ˜− δ , φ′c = φc − φa + φe − φf − φ˜− δ .
(37)
Once again the phases can be chosen so that tan θν12 is real and positive. This can be
achieved if phases φ′b and φ
′
c satisfy the condition
|b|c23 sinφ′b ≈ |c|s23 sinφ′c . (38)
Note that in contrast with θν13 the solar angle (37) is completely determined by the sub–
leading couplings due to a natural cancellation of the leading contributions. Therefore
this angle should be relatively large. The lightest left–handed neutrino state remains
massless in the considered approximation. Its mass is generated by the sub–sub–leading
couplings of the heaviest right–handed neutrino, i.e.
|m1| ≃ O
( |C|2v22
M3
)
. (39)
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Thus sequential dominance results in a full neutrino mass hierarchy m1 ≪ m2 ≪ m3.
Because SD does not require any fine tuning the contribution of radiative corrections to
the neutrino masses and mixing angles is expected to be quite small, at the level of a few
per cent [43].
Current neutrino oscillation data point strongly to a specific form for the lepton mixing
matrix with effective bimaximal mixing of νµ and ντ at the atmospheric scale and effective
trimaximal mixing for νe, νµ and ντ at solar scale (tri–bimaximal mixing [44]). In the
tri–bimaximal mixing scenario the PMNS matrix takes a form
UPMNS ≃


√
2
3
√
1
3
0
−
√
1
6
√
1
3
√
1
2√
1
6
−
√
1
3
√
1
2


. (40)
Comparing matrix (40) with the general parametrisation of the neutrino mixing matrix
(30) one can easily establish that tri–bimaximal mixing scenario corresponds to θ13 = 0,
sin θ12 = 1/
√
3 and θ23 = π/4. Within the framework of sequential dominance the van-
ishing of the mixing angle θ13 can be naturally achieved when
d ≃ 0 , e∗b+ f ∗c = (A†B) ≃ 0 . (41)
Since in this case the bimaximal mixing between νµ and ντ implies that |e| = |f | the condi-
tions (41) constrain the Yukawa couplings of the second lightest right–handed neutrino. In
particular, from Eq. (41) it follows that |b| = |c|. Taking into account that tri–bimaximal
mixing also requires sin θ12 = 1/
√
3 one can show that within the sequential dominance
the Yukawa couplings of the lightest and second lightest right–handed neutrinos which
correspond to the tri–bimaximal mixing scenario can be always chosen so that
d ≃ 0 , f = −e = |A|eiφA , a = b = c = |B|eiφB . (42)
This is so–called constrained sequential dominance (CSD) [45]. Note that CSD does not
constrain the Yukawa couplings of the heaviest right–handed neutrino a′, b′ and c′ because
they only give sub–sub–dominant contribution to the neutrino mass matrix. Different
issues concerning the leptogenesis in the neutrino models based on the seesaw mechanism
and sequential right–handed neutrino dominance were discussed in [34], [15].
4.2 Results of numerical analysis
4.2.1 E6SSM with unbroken Z
2
H symmetry
With the assumption of the constrained sequential dominance we calculate the values of
the decay asymmetries in the E6SSM. According to CSD one can ignore the contribu-
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tion of the heaviest right–handed neutrino so that the analytical expressions for the CP
asymmetries derived in Section 3 are considerably simplified. We start our analysis from
the E6SSM with exact Z
2
H symmetry. In this case there is only one extra CP asymme-
try associated with the decay of the lightest right–handed neutrino into scalar (fermion)
components of the fourth lepton doublet superfield L4 and Higgsinos (Higgs bosons). Sub-
stituting the pattern of Yukawa couplings that corresponds to the constrained sequential
dominance into Eqs. (18) and neglecting the contribution of the heaviest right–handed
neutrino to the CP asymmetries we get
ε31, L4 ≃
3
8π
|hNHu
3
L4N1
|2|hNHu
3
L4N2
|2 sinφL
2|A|2 + |hNHu
3
L4N1
|2
M1
M2
, ε31, e = 0 ,
ε31, τ ≃ −ε31, µ ≃
3
8π
|hNHu
3
L4N1
||hNHu
3
L4N2
||A||B| sinφµτ
2|A|2 + |hNHu
3
L4N1
|2
M1
M2
,
φµτ = φ41 + φA − φ42 − φB , φL = 2(φ41 − φ42) ,
(43)
where hNHu
3
L4N1
≡ hN341 = hN41, hNHu
3
L4N2
≡ hN342 = hN42, hNHu
3
L4N1
= |hNHu
3
L4N1
|eiφ41 and
hNHu
3
L4N2
= |hNHu
3
L4N2
|eiφ42 . Note that in the limit when hNHu
3
L4N1
and hNHu
3
L4N2
go to zero all
CP asymmetries vanish. This is not an accident. When Yukawa couplings hNHu
3
L4N1
and
hNHu
3
L4N2
tend to zero the interactions of the right–handed neutrinos with the Higgs and
lepton superfields are exactly the same as in the MSSM. At the same time the conditions
(41) which result in the natural realisation of the tri–bimaximal mixing scenario in the
framework of sequential dominance ensure the vanishing of all decay asymmetries within
the SM and the MSSM. Thus the induced values of the lepton decay asymmetries (43)
are entirely caused by the new particles and interactions appearing in the E6SSM.
The CP asymmetries (43) also vanish when all Yukawa couplings are real, i.e. CP
invariance in the lepton sector is preserved. The decay asymmetries ε31, L4 and ε
3
1, τ = −ε31, µ
attain their maximum absolute values when sinφL and sinφµτ are equal to ±1 respectively.
The maximum absolute values of the CP asymmetries (43) are given by
|ε31, L4 | ≃
3
8π
|hNHu
3
L4N1
|2|hNHu
3
L4N2
|2
2|A|2 + |hNHu
3
L4N1
|2
M1
M2
,
|ε31, τ | = |ε31, µ| ≃
3
8π
|hNHu
3
L4N1
||hNHu
3
L4N2
||A||B|
2|A|2 + |hNHu
3
L4N1
|2
M1
M2
.
(44)
The dependence of the maximum values of |ε31, L4| and |ε31, τ | = |ε31, µ| on the absolute
values of the additional Yukawa couplings |hNHu
3
L4N1
| and |hNHu
3
L4N2
| is examined in Fig. 4
where we fix (M2/M1) = 10. To avoid problems related with the overproduction of
gravitinos we assume that the mass of the lightest right–handed neutrino is relatively
small M1 ≃ 106GeV. We also set v2 = v ≃ 246GeV that corresponds to large values
of tanβ and choose parameters |A| and |B| so that the observed neutrino mass–squared
differences are reproduced (see, for example, [46]).
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In Figs. 4a and 4b the dependence of the maximum value of |ε31, τ | = |ε31, µ| on |hNHu
3
L4N1
|
and |hNHu
3
L4N2
| is studied whereas in Figs. 4c and 4d we plot the maximum value of |ε31, L4 |
as a function of new Yukawa couplings. From Eqs. (44) and Figs. 4a and 4c it follows
that both maximum absolute values of the CP asymmetries (44) grow monotonically
with increasing of |hNHu
3
L4N2
|. The dependence of |ε31, L4 | and |ε31, τ | = |ε31, µ| on |hNHu3 L4N1 | is
more complicated. At small values of |hNHu
3
L4N1
| these decay asymmetries are small and
increase when |hNHu
3
L4N1
| becomes larger. However if |hNHu
3
L4N1
| is much larger than |A|
the maximum absolute values of |ε31, τ | = |ε31, µ| is inversely proportional to |hNHu
3
L4N1
| and
therefore diminishes with increasing of |hNHu
3
L4N1
| while |ε31, L4 | reaches its saturation limit
(see Figs. 4b and 4d). The CP asymmetries |ε31, τ | = |ε31, µ| attain their maximal possible
value at |hNHu
3
L4N1
| ≃ √2|A|. Thus we establish the following theoretical restrictions on
the values of decay asymmetries
|ε31, L4 | .
3M1
8πM2
|hNHu
3
L4N2 |2 , |ε31, τ | = |ε31, µ| .
3
√
2M1
32πM2
|hNHu
3
L4N2 ||B| . (45)
One can easily see that the theoretical upper bounds on the absolute values of the CP
asymmetries (45) are determined by the Yukawa couplings of the second lightest right–
handed neutrino and do not depend on the Yukawa couplings of the lightest right–handed
neutrino. In general the maximal absolute values of decay asymmetries diminish when
the couplings |hNHu
3
L4N1
| and |hNHu
3
L4N2
| decrease (see Fig. 5).
There is also another general tendency that should be mentioned here.
When M1 ≪ 1013 − 1014GeV the absolute value of the CP asymmetry associated with
the decay N1 → L4 +Hu tend to be considerably larger than lepton decay asymmetries
ε31, µ and ε
3
1, τ (see Figs. 4–5). This happens because lower masses of the right–handed
neutrinos require smaller values of the Yukawa couplings of the Higgs doublet Hu to
leptons. Otherwise the observed neutrino mass–squared differences can not be reproduced
within the framework of sequential dominance. From Eqs. (32) and (36) it follows that
|A| ∝√M1|m3|/v2 while |B| ∝√M2|m2|/v2. Thus for a fixed ratioM1/M2 the maximal
possible values of the decay asymmetries |ε31, µ| and |ε31, τ | (45) diminishes as
√
M1 when
M1 decreases. In fact, the decrease of lepton CP asymmetries with the mass of the
lightest right–handed neutrino is a common feature of most see–saw models. This results
in the lower bound on the lightest right–handed neutrino mass: M1 & 10
9GeV [19]. At
the same time the results of our analysis presented in Figs. 5 demonstrate that within
the E6SSM with unbroken Z
H
2 it is possible to generate an appreciable value of the CP
asymmetry |ε31, L4| = 10−6 − 10−4 even for M1 = 106GeV. This can be achieved if the
Yukawa couplings of the fourth lepton doublet L4 to the Higgs fields Hu vary from 0.01 to
0.1. At low energies the induced lepton asymmetry is transferred to the ordinary lepton
asymmetries via the decays of heavy L4 and L˜4 into leptons (sleptons) and Higgs fields
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Hd (Higgsinos H˜d).
4.2.2 E6SSM Model I
In the case of the E6SSM Model I two generations of inert–Higgs superfields H
u
α (α = 1, 2)
contribute to ε1, ℓx through loop diagrams and give rise to a set of extra decay asymme-
tries εα1, ℓx defined by Eq. (12). Because the Yukawa couplings of H
u
α to the quarks and
leptons of the first two generation are expected to be rather small in order to avoid
non–diagonal flavour transitions we assume that inert Higgs fields couple to the third
generation fermions only. To simplify our analysis further we also assume that only one
inert Higgs doublet Hu2 has non–zero couplings with the doublet of leptons of the third
generation and right–handed neutrinos. Then the analytic expression (15) for the overall
CP asymmetries reduces to
εtot1, µ ≃
1
4π
|hNHu
2
L3N1
||hNHu
2
L3N2
||A||B| sinφµ
2|A|2 + |hNHu
2
L3N1
|2
M1
M2
, εtot1, e = 0 ,
εtot1, τ ≃
(
4|hNHu
2
L3N1
||hNHu
2
L3N2
||A||B| sinφµ + 3|hNHu
2
L3N1
|2|hNHu
2
L3N2
|2 sinφτ
)
8π(2|A|2 + |hNHu
2
L3N1
|2)
M1
M2
,
φµ = φ231 + φA − φ232 − φB , φτ = 2(φ231 − φ232) ,
(46)
where hNHu
2
L3N1
≡ hN231, hNHu
2
L3N2
≡ hN232, hNHu
2
L3N1
= |hNHu
2
L3N1
|eiφ231 and
hNHu
2
L3N2
= |hNHu
2
L3N2
|eiφ232 . Here, to clarify the contribution of the inert–Higgs doublet,
we set all Yukawa couplings of L4 to the right–handed neutrinos to be zero.
As before the overall CP asymmetries (46) vanish in the MSSM limit of the E6SSM
when hNHu
2
L3N1
and hNHu
2
L3N2
go to zero. The decay asymmetries (46) also tend to zero if
CP invariance is preserved in the lepton sector, i.e. phases of all Yukawa couplings vanish.
Once again εtot1, µ and ε
tot
1, τ reach their maximum absolute values when sinφµ and sin φτ are
equal to ±1. The corresponding maximum absolute values of the overall CP asymmetries
(46) can be written as
|εtot1, µ| ≃
1
4π
|hNHu
2
L3N1
||hNHu
2
L3N2
||A||B|
2|A|2 + |hNHu
2
L3N1
|2
M1
M2
,
|εtot1, τ | ≃
(
4|hNHu
2
L3N1
||hNHu
2
L3N2
||A||B|+ 3|hNHu
2
L3N1
|2|hNHu
2
L3N2
|2
)
8π (2|A|2 + |hNHu
2
L3N1
|2)
M1
M2
.
(47)
In Figs. 6–7 we present the results of our numerical analysis of the decay asym-
metries in the E6SSM Model I. The dependence of the maximum values of |εtot1, µ| and
|εtot1, τ | on |hNHu
2
L3N1
| and |hNHu
2
L3N2
| is studied in Fig. 6. As before we set (M2/M1) = 10,
M1 ≃ 106GeV, v2 ≃ v ≃ 246GeV and adjust parameters |A| and |B| to reproduce the ob-
served neutrino mass–squared differences. In Figs. 6a and 6b we plot the maximum value
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of |εtot1, µ| as a function of |hNHu
2
L3N1
| and |hNHu
2
L3N2
| while the dependence of the maximum
value of |εtot1, τ | on these new Yukawa couplings is explored in Figs. 6c and 6d. From Eq. (47)
one can see that at very small values of new Yukawa couplings (|hNHu
2
L3N1
|, |hNHu
2
L3N2
| ≪ |A|
and |B|) the maximum absolute values of the overall CP asymmetry are proportional to
|hNHu
2
L3N1
| · |hNHu
2
L3N2
|. At so small values of |hNHu
2
L3N1
| and |hNHu
2
L3N2
| the maximum absolute
value of the overall CP asymmetry associated with the decay of N1 into τ–lepton is twice
larger than the maximum value of |εtot1, µ|. The maximum values of |εtot1, µ| and |εtot1, τ | rise
with increasing of |hNHu
2
L3N2
| (see Fig. 6a and 6c). When |hNHu
2
L3N2
| ≫ |A|, |B| the value of
|εtot1, τ | tends to be much larger than |εtot1, µ|.
At small values of |hNHu
2
L3N1
| the maximum absolute values of both decay asymmetries
also grow with increasing of |hNHu
2
L3N1
| independently of |hNHu
2
L3N2
| (see Fig. 6b and 6d). But
|εtot1, µ| attains its maximum possible value at |hNHu
2
L3N1
| = √2|A| whereas |εtot1, τ | approach its
upper bound at large values of |hNHu
2
L3N1
| ≫ |A|, |B|. When |hNHu
2
L3N1
| is significantly larger
than |A| and |B| the the maximum value of |εt1, µ| is inversely proportional to |hNHu
2
L3N1
|
while |εtot1, τ | is almost independent of |hNHu
2
L3N1
|. In the considered case the theoretical
upper bounds on |εtot1, µ| and |εtot1, τ | are given by
|εtot1, τ | .
M1
8πM2
|hNHu
2
L3N2
|2
[
3 +
4x
12 +
√
8x+ 9
]
, x =
|B|2
|hNHu
2
L3N2
|2 ,
|εtot1, µ| .
√
2M1
16πM2
|hNHu
2
L3N2
||B| .
(48)
As before the theoretical restrictions on the absolute values of CP asymmetries (48) are
set by the Yukawa couplings of the second lightest right–handed neutrino and independent
of the Yukawa couplings of the lightest right–handed neutrino. Because for a fixed ratio
M1/M2 the values of |A| and |B| ∝
√
M1 the maximum possible value of |εtot1, µ| decreases
when M1 becomes smaller while the theoretical upper bound on |εtot1, τ | does not change
much. As a consequence |εtot1, τ | tends to dominate over |εtot1, µ| at low masses of the lightest
right–handed neutrinoM1 ≪ 1013−1014GeV (see Figs. 6–7). Since the maximum possible
value of |εtot1, τ | is determined mainly by |hNHu
2
L3N2
|, which is not constrained by the neutrino
oscillation data, an appreciable CP asymmetry within the E6SSM Model I can be induced
even when M1 is relatively low. Fig. 7 demonstrates that for M1 ≃ 106GeV the decay
asymmetry |εtot1, τ | = 10−6 − 10−4 can be generated if |hNHu
2
L3N2
| varies from 0.01 to 0.1.
4.2.3 E6SSM Model II
Within the E6SSM Model II the lightest right–handed neutrino may decay into the lepto-
quarks (squarks) and down–type squarks (down–type quarks). New decay modes of the
lightest right–handed neutrino lead to the set of extra CP asymmetries εi1,Dk (23) which
appear in addition to those arising in the E6SSMModel I. Leptoquarks also give a substan-
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tial contribution to εk1, ℓx , through loop diagrams if the corresponding Yukawa couplings
gNkij are large enough. By construction the exotic quarks and squarks in the E6SSM couple
predominantly to the the quark and lepton superfields of the third generation. Therefore
in our analysis we neglect the Yukawa couplings of the exotic quarks and squarks to the
first and second generation particles. Moreover for simplicity we assume that only the
third generation exotic quarks and squarks have appreciable couplings to the bosons and
fermions of the third generation and the Yukawa couplings of L4 and H
u
α to the right–
handed neutrinos vanish. In this approximation for the maximum absolute values of the
CP asymmetries |ε31, τ | = |ε31, µ| and |ε31,D3| one obtains
|ε31, τ | = |ε31, µ| ≃
3|B|M1
16π|A|M2 |g
N
D3d3N1
||gND3d3N2| , |ε31,D3| ≃
3M1
2πM2
|gND3d3N2 |2 ,(49)
where gND3d3N1 ≡ gN331 and gND3d3N2 = gN332. All other decay asymmetries vanish in the
considered approximation. As before the maximum absolute values of the CP asymmetries
(49) tend to zero if gND3d3N1 → 0 and gND3d3N2 → 0. However in contrast with the scenarios
considered before the absolute values of the CP asymmetries |ε31, µ| and |ε31, τ | do not change
when the lightest right–handed neutrino mass varies whileM1/M2 remains intact. Indeed,
according to the Eqs. (32) and (36) the ratio |A|/|B| is proportional to √M1/M2. As
a result the explicit dependence of the lepton decay asymmetries on the right–handed
neutrino mass scale in Eq. (49) is cancelled. The maximum absolute values of the CP
asymmetries (49) are determined by |gND3d3N1 | and |gND3d3N2|.
The dependence of the maximum values of |ε31, τ | = |ε31, µ| and |ε31,D3 | on the Yukawa
couplings gND3d3N1 and g
N
D3d3N2
is examined in Fig. 8. Once again we fix (M2/M1) = 10,
v2 ≃ 246GeV and choose |A| and |B| so that the phenomenologically acceptable pat-
tern of the neutrino mass spectrum is reproduced. From Eq. (49) and Fig. 8 one can
see that the decay asymmetries |ε31, τ | = |ε31, µ| and |ε31,D3 | rise monotonically with in-
creasing of |gND3d3N2 |. The maximum absolute values of the lepton CP asymmetries also
grow when |gND3d3N1| increases. At the same time |ε31,D3| does not depend on |gND3d3N1 |.
When |gND3d3N2 | ≫ |gND3d3N1 | the decay asymmetry |ε31,D3 | tends to be considerably larger
than lepton decay asymmetries. At low energies the induced lepton asymmetry in the
exotic quark sector is converted into the ordinary lepton asymmetries via the decays
of leptoquarks into leptons (sleptons) and ordinary quarks (squarks). In the oppo-
site limit |gND3d3N2| ≪ |gND3d3N1 | lepton decay asymmetries dominate over |ε31,D3 |. If
|gND3d3N1 | ∼ |gND3d3N2| these CP asymmetries are comparable. From Fig. 9 one can see
that the appreciable values of the decay asymmetries ε31, µ, ε
3
1, τ and ε
3
1,D3
∼ 10−6 − 10−4
can be induced if |gND3d3N1 |, |gND3d3N2 | & 0.01− 0.1.
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4.2.4 Generation of baryon asymmetry
Although the numerical results for the lepton decay asymmetries look very promissing it
is not clear if an appropriate amount of baryon asymmetry can be generated. In order
to calculate the total lepton and baryon asymmetries produced by thermal leptogenesis
in the considered model the complete system of Boltzmann equations including the ones
that describe the evolution of lepton number densities associated with leptoquarks should
be solved. We plan to derive and analyse a complete set of Boltzmann equations within
the E6SSM in the forthcoming publications.
Nevertheless there is one case which is relatively easy to analyse. It corresponds to
the E6SSM with unbroken Z
H
2 symmetry. Indeed, in this case there is only one extra
lepton doublet which interacts with the right–handed neutrinos. The Yukawa couplings
of all other exotic particles to Ni vanish in the considered limit. Then the complete set of
Boltzmann equations is supplemented by only one extra equation as compared with the
MSSM that describes the evolution of the lepton number density associated with extra
lepton doublet L4. As a consequence all results obtained in the SM and MSSM for the
lepton and baryon asymmetries can be easily generalised in this case. In particular, one
can estimate the total baryon asymmetry using an approximate formula (see [6])
Y∆B ∼ 10−3
( 4∑
x=1
ε31, ℓxηx
)
, (50)
where Y∆B is a baryon asymmetry relative to the entropy density, i.e.
Y∆B =
nB − nB¯
s
∣∣∣∣
0
= (8.75± 0.23)× 10−11 . (51)
In Eq. (50) ηx is an efficiency factor. A thermal population of N1 and N˜1 decaying
completely out of equilibrium without washout effects would lead to ηx = 1. However
inverse decays and other washout processes reduce the induced asymmetries by factor ηx
where ηx varies from 0 to 1
3.
As in the SM and MSSM it is convenient to introduce a set of dimensionful parameters
m˜1,x = h
N
Hu
3
LxN1h
N∗
Hu
3
LxN1
v22
M1
, m˜1 =
4∑
x=1
m˜1,x , (52)
m∗ = 8π
v22
M21
H
∣∣∣∣
T=M1
, H(T =M1) = 1.66g
1/2
∗
T 2
MP l
∣∣∣∣
T=M1
, (53)
where H is a Hubble expansion rate and g∗ = nb+
7
8
nf is a number of relativistic degrees
of freedom in the thermal bath. Within the SM g∗ = 106.75 and m∗ = 1.08 ·10−3 eV while
3ηx = 0 is the limit of N1 interactions in perfect equilibrium so that no asymmetry is created.
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|hNHu
3
L4N1
| |hNHu
3
L4N2
| |ε31, L4 |max |ε31, τ |max ηL4 ηµ = ητ |Y∆B|max
= |ε31, µ|max
(A) 0.1 1.0 0.0119 5.42 · 10−11 3.26 · 10−9 0.077 3.9 · 10−14
(B) 10−3 1.0 0.0119 5.42 · 10−9 3.26 · 10−5 0.077 3.9 · 10−10
(C) 10−5 1.0 0.00127 5.75 · 10−8 0.326 0.077 4.1 · 10−7
(D) 0.1 0.01 1.2 · 10−6 5.42 · 10−13 3.26 · 10−9 0.077 3.9 · 10−18
(E) 10−3 0.01 1.2 · 10−6 5.42 · 10−11 3.26 · 10−5 0.077 3.9 · 10−14
(F) 10−5 0.01 1.27 · 10−7 5.75 · 10−10 0.326 0.077 4.1 · 10−11
Table 1: Lepton decay asymmetries, efficiency factors and baryon asymmetry estimated for
M1 = 10
6GeV, M2 = 10M1 and different values of |hNHu
3
L4N1
| and |hNHu
3
L4N2
|.
in the E6SSM g∗ = 356.25 and m∗ = 1.97 · 10−3 eV. Here we concentrate on the so–called
strong washout scenario when m˜1,x > m∗. In this case the efficiency factor ηx for flavor
ℓx can be estimated as (see [6])
ηx ≃ m∗
m˜1,x
. (54)
The results of our numerical studies are summarised in Table 1. We compute the
maximal absolute values of the lepton decay asymmetries and estimate the efficiency
factors as well as induced baryon asymmetry for different values of |hNHu
3
L4N1
| and |hNHu
3
L4N2
|
within the see–saw models with constrained sequential dominance. As before we set
M1 = 10
6GeV, M2 = 10M1 and calculate the Yukawa couplings of the Higgs field Hu
to ordinary lepton doublets and right–handed neutrinos assuming CSD. We restrict our
consideration to the part of the parameter space where |ε31, L4 | can be relatively large, i.e.
& 10−6. This corresponds to the |hNHu
3
L4N2
| & 0.01 (see Fig. 5b). The results presented in
Table 1 indicate that in the scenarios (B), (C) and (F) a substantial amount of baryon
asymmetry may be generated. At the same time one can see that in some cases when
the maximal value of |ε31, L4| is relatively large the efficiency factor is so small that almost
all lepton asymmetry is erased. Therefore the generation of relatively large lepton decay
asymmetries does not guarantee the successful baryogenesis in the E6SSM. This is a
necessary condition but not a sufficient one. We will perform a detailed analysis of the
generation of baryon and lepton asymmetries within the E6SSM in the near future.
5. Conclusions
In this paper we have discussed the mechanism of generation of lepton asymme-
try within the Exceptional Supersymmetric Standard Model. The E6SSM is based on
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the SU(3)C × SU(2)W × U(1)Y × U(1)N gauge group which is a subgroup of E6. The
particle content of the Exceptional SUSY model includes three complete fundamental
representations of E6 as well as the doublet L4 and anti–doublet L4 from an extra 27
′ and
27′. Thus the E6SSM involves exotic matter beyond the MSSM. In particular, it predicts
the existence of three generations of exotic quarks Di and Di, and two generations of
inert Higgs fields Hdα and H
u
α that do not carry any lepton or baryon number as well
as a vector-like fourth lepton doublet L4 and L4 that carry a lepton number L = ±1.
In the phenomenologically acceptable E6 inspired models the extra exotic quarks can be
either diquarks (E6SSM Model I) or leptoquarks (E6SSM Model II). In order to sup-
press the couplings of extra inert Higgs fields to ordinary quarks and leptons that lead to
the unacceptably large non–diagonal flavour transitions we imposed an approximate ZH2
symmetry.
In the E6SSM right–handed neutrinos and their superpartners do not participate in
the gauge interactions and therefore can be significantly heavier than other particles from
the same 27–plet. The right–handed neutrino mass scale is not fixed in the considered
model but it is expected to be much lower than the Grand Unification scale. The three
known doublet neutrinos νe, νµ and ντ acquire small Majorana masses via the seesaw
mechanism in this case. Because right–handed neutrinos are allowed to have large masses
in the considered model, they may decay into the final states with lepton number L = ±1,
thereby creating a lepton asymmetry in the early Universe. The dynamically induced lep-
ton asymmetry subsequently gets converted into the observed baryon asymmetry through
the electroweak phase transition. The process of the lepton asymmetry generation is
controlled by the flavour dependent CP (decay) asymmetries. These decay asymmetries
originate from the interference of the tree–level and one–loop amplitudes of the lightest
right–handed neutrino decays. We have calculated flavour CP asymmetries within the
Exceptional SUSY model and analysed their dependence on the Yukawa couplings of new
exotic particles.
The new exotic particles predicted by the E6SSM contribute to the ordinary CP asym-
metries induced by the decays of the lightest right–handed neutrino (or sneutrino) into
the final states containing leptons and sleptons through loop diagrams. The new particles
and interactions also result in new channels of the decays of the lightest right–handed neu-
trino and its superpartner which give rise to a set of extra decay asymmetries associated
with new decay modes. When ZH2 symmetry is unbroken the only exotic particles that
contribute to the generation of lepton asymmetry are the fermion and scalar components
of the vector-like lepton doublet superfield L4. In this case the analytic expressions for
the flavour CP asymmetries obtained in the MSSM can be easily generalised to include
L4 since this field may be considered as a fourth generation lepton doublet. As a result
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in the E6SSM with unbroken Z
H
2 symmetry there are four independent CP asymmetries.
These decay asymmetries take on non–zero values only if CP invariance is broken either
in the lepton or L4 sectors, i.e. some of the Yukawa couplings of either leptons or L4
are complex. Our numerical analysis reveals that the absolute values of the ordinary
lepton CP asymmetries diminish when the mass of the lightest right–handed neutrino
decreases. This happens because the values of these decay asymmetries are set by the
Yukawa couplings of leptons to the Higgs doublet Hu and right–handed neutrinos which
also determine the Majorana masses of the left–handed neutrino. Then the pattern of
the neutrino mass–squared differences measured in the neutrino oscillation experiments
imply that the lower masses of the right–handed neutrinos require the smaller values of
the corresponding Yukawa couplings. As a consequence at low right–handed neutrino
mass scales (M1 ≪ 109GeV) the ordinary lepton decay asymmetries become extremely
small.
The CP asymmetries also depend rather strongly on the Yukawa couplings of L4. In
contrast with the couplings of the ordinary lepton fields to the Higgs doublet Hu and
right–handed neutrinos the similar Yukawa couplings of L4 are not constrained by the
neutrino oscillation data because they are not related with the Majorana masses of the
left–handed neutrino. Therefore these couplings can vary within a very wide range at
the lightest right–handed neutrino mass scale. If the Yukawa couplings of the fourth
lepton doublet superfield L4 are large and complex they can induce a substantial CP
asymmetry associated with the decay N1 → L4 +Hu (|ε1, L′ | ∼ 10−4) even for relatively
low M1 (for example, M1 ≃ 106GeV). When M1 ≪ 1013 − 1014GeV this CP asymmetry
tends to dominate over the ordinary lepton decay asymmetries. At low energies the lepton
asymmetry generated in the L4 sector gets converted into the ordinary lepton asymmetries
via the decays of L4. We have derived theoretical restrictions on the absolute values of
the CP asymmetries within the see–saw models with constrained sequential dominance.
The corresponding theoretical upper bounds are determined by the Yukawa couplings of
the second lightest right–handed neutrino and do not depend on the Yukawa couplings of
the lightest right–handed neutrino.
In the E6SSM Model I the interactions of inert Higgs superfields H
u
α with leptons
are allowed. These interactions give rise to eight extra decay asymmetries which are not
present in the E6SSM with unbroken Z
H
2 symmetry. We defined four total flavour CP
asymmetries which correspond to three different lepton flavours (e, µ, τ) and fourth lepton
doublet L4. It is natural to assume that inert Higgs fields H
u
α couple predominantly to the
third generation fermions whereas the couplings ofHuα to the quarks and leptons of the first
two generation are negligibly small. Note that neither neutrino nor collider experiments
set any limit on the Yukawa couplings of the inert–Higgs fields Huα to τ–lepton and right–
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handed neutrinos so that these couplings can be of the order of 0.1 . In the considered
approximation the inert–Higgs supermultiplets Huα can give a considerable contribution to
the total decay asymmetry associated with τ–lepton only. As before the absolute values
of muon and electron CP asymmetries reduce when the mass of the lightest right–handed
neutrino decreases. At low right–handed neutrino mass scales these asymmetries are
negligibly small. At the same time if the Yukawa couplings of Huα to the τ–lepton and
right–handed neutrinos are large and complex they can induce a substantial total decay
asymmetry associated with τ–lepton which tends to dominate over the electron and muon
ones when M1 ≪ 1013 − 1014GeV. We have established the theoretical upper bounds on
the absolute values of the total flavour CP asymmetries in the framework of constrained
sequential dominance. Again the maximal absolute values of the total decay asymmetries
are set by the Yukawa couplings of the second lightest right–handed neutrino. Our analysis
demonstrates that an appreciable τ–lepton CP asymmetry |εtot1, τ | ≃ 10−6 − 10−4 can be
generated even if M1 ≃ 106GeV.
Many new decay channels of the lightest right–handed neutrino appear within the
E6SSM Model II. In this model the exotic quarks and squarks carry lepton and baryon
number simultaneously, i.e. they are leptoquarks. As a result the decays of the lightest
right–handed neutrino into leptoquarks (squarks) and down–type squarks (quarks) are
allowed. New decay modes of N1 lead to the nine extra CP asymmetries in addition to
those arising in the E6SSM Model I. Here we defined three extra total CP asymmetries
which correspond to three generations of leptoquarks. The values of extra CP asymmetries
are determined by the Yukawa couplings of leptoquarks which are not constrained by either
neutrino or collider experiments. If these Yukawa couplings are large and complex they
give rise to the appreciable CP asymmetries associated with the exotic quarks which are
converted into the ordinary lepton asymmetries via the decays of leptoquarks into leptons
(sleptons) at low energies. In the considered case the exotic quarks and squarks can also
give a large contribution to the lepton CP asymmetries through loop diagrams so that a
substantial values of εk1, ℓx are induced even for the relatively low right–handed neutrino
mass scales. In general the considerable values of CP asymmetries ∼ 10−6 − 10−4 can be
induced independently of the right–handed neutrino mass scale if new Yukawa couplings
of the right–handed neutrino vary from 0.01 to 0.1.
Thus the results presented in this paper show that substantial asymmetries can be
generated even for very low right–handed neutrino masses of order 106GeV. We have
also briefly considered the efficiency factors relevant for the case of the E6SSM with
unbroken ZH2 symmetry, and shown that acceptably large baryon asymmetries can result.
These results suggest that in the E6SSM successful thermal leptogenesis can be achieved
without encountering problems with gravitinos.
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Appendix: CP asymmetries in the effective field
theory approach
In the presence of a large mass gap between the lightest and second lightest right–handed
neutrinos one can use the effective field theory approach for the calculation of CP asym-
metries. Assuming that M2, M3 ≫ M1 one can integrate out two heavy right–handed
neutrinos so that at the energies below M2 but above M1 the interactions between super-
fields are described by the effective superpotential:
Weff ≃ hNkx1(HukLx)N c1 + gNki1(Dkdci)N c1 +
1
2
ΞLLkxiy(H
u
kLx)(H
u
i Ly)
+ΞLDkxmp(H
u
kLx)(Dmd
c
p) +
1
2
ΞDDkimp(Dkd
c
i)(Dmd
c
p) + ... ,
(A.1)
where i, k, m, p are family indexes that run from 1 to 3 while x and y vary from 1 to 4
and
ΞLLkxiy = Ξ
LL
iykx = −
∑
j=2,3
hNkxjh
N
iyj
Mj
, ΞLDkxmp = −
∑
j=2,3
hNkxjg
N
mpj
Mj
,
ΞDDkimp = Ξ
DD
mpki = −
∑
j=2,3
gNkijg
N
mpj
Mj
.
(A.2)
The last three terms in the superpotential (A.1) are the lowest dimensional effective
operators induced by the heavy right–handed neutrinos. In the effective field theory
approach these operators give rise to the non–zero values of the CP asymmetries which
originate from the interference of the tree–level and one–loop amplitudes of the lightest
right–handed neutrino decays. The associated one–loop diagrams involve two vertices one
of which represents non–renormalisable lepton number violating interactions induced by
the heavy right–handed neutrinos. Calculating one–loop diagrams, we find
εk1, ℓx ≃
M1
8πA1
Im
[
2
∑
i, y h
N∗
kx1 Ξ
LL
kxiy h
N∗
iy1 +
∑
m, p h
N∗
kx1 Ξ
LL
ixky h
N∗
iy1
+ 3
∑
m, p h
N∗
kx1 Ξ
LD
kxmp g
N∗
mp1
]
,
εi1, Dk ≃
M1
8πA0
Im
[
3
∑
m, p g
N∗
ki1 Ξ
DD
kimp g
N∗
mp1 +
∑
m, p g
N∗
ki1 Ξ
DD
mikp g
N∗
mp1
+ 2
∑
m, p g
N∗
ki1 Ξ
LD
myki h
N∗
my1
]
,
(A.3)
In the case of the E6SSM version I, g
N
mpj, Ξ
DD
kimp and Ξ
LD
kxim vanish and the expressions
for the decay asymmetries (A.3) are simplified drastically. In particular, εi1,Dk tend to
zero because in the considered case the exotic quarks are diquarks and therefore the
baryon number conservation forbids the decay of the lightest right–handed neutrino into
exotic quarks (or squarks). The Eqs. (A.3) can be simplified even further if one sets
hN1xj = h
N
2xj = 0. Then the results for the CP asymmetries (18) derived in the exact Z
H
2
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symmetry limit are reproduced. Finally, the Eqs. (A.3) can be obtained directly from
Eqs. (13) and (24) by setting (M1/Mj)→ 0. One can easily check that in the considered
limit the analytic expressions for the decay asymmetries (13) and (24) coincide with the
results obtained in the effective field theory approximation.
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Figure 4: Maximal absolute values of (a)–(b) |ε3
1, µ| = |ε31, τ | and (c)–(d) |ε31, L4 | in the E6SSM with
unbroken Z2H symmetry versus |hNHu
3
L4N1
| and |hNHu
3
L4N2
| for M1 = 106GeV, M2 = 10 ·M1. The solid,
dash–dotted and dashed lines in figures (a) and (c) represent the maximal absolute values of the decay
asymmetries for |hNHu
3
L4N1
| = 0.1, 10−3 and 10−5 while solid, dash–dotted and dashed lines in figures (b)
and (d) correspond to |hNHu
3
L4N2
| = 0.1, 10−3 and 10−5 respectively.
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(a) (b)
(c) (d)
Figure 5: Logarithm (base 10) of the maximal values of |ε3
1, µ| = |ε31, τ | (a, c) and |ε31, L4 | (b, d) in the
E6SSM with unbroken Z
2
H symmetry versus log |hNHu
3
L4N1
| and log |hNHu
3
L4N2
| for M1 = 106GeV (a, b),
M1 = 10
13GeV (c, d), and M2 = 10M1. The solid contour lines show steps of 2 in the logarithm (base
10) of the asymmetries.
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Figure 6: Maximal absolute values of (a)–(b) |εtot
1, µ| and (c)–(d) |εtot1, τ | in the E6SSM Model I versus
|hNHu
2
L3N2
| and |hNHu
2
L3N1
| for M1 = 106GeV and M2 = 10 ·M1. All couplings |hNHu
k
L4Nj
| are set to zero.
The solid, dash–dotted and dashed lines in figures (a) and (c) represent the maximal absolute values of
the decay asymmetries for |hNHu
2
L3N1
| = 0.1, 10−3 and 10−5 while solid, dash–dotted and dashed lines in
figures (b) and (d) correspond to |hNHu
2
L3N2
| = 0.1, 10−3 and 10−5 respectively.
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(a) (b)
(c) (d)
Figure 7: Logarithm (base 10) of the maximal values of |εtot
1, µ| (a, c) and |εtot1, τ | (b, d) in the E6SSM
Model I versus log |hNHu
2
L3N2
| and log |hNHu
2
L3N1
| for M1 = 106GeV (a, b), M1 = 1013GeV (c, d), and
M2 = 10M1. All couplings |hNHu
k
L4Nj
| are set to zero. The solid contour lines show steps of 2 in the
logarithm (base 10) of the asymmetries.
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Figure 8: Maximal absolute values of the CP asymmetries in the E6SSM Model II as a function of (a)
|gND3d3N2 | and (b) |gND3d3N1 | for M1 = 106GeV and M2 = 10 ·M1. All couplings |hNHukL4Nj | and |h
N
HuαLxNj
|
(α = 1, 2) are set to zero. The solid, dashed and dotted lines in figure (a) represent |ε3
1, µ| = |ε31, τ |
computed for |gND3d3N1 | = 0.1, 10−3 and 10−5 while the dash–dotted line corresponds to |ε31,D3 |. The
solid and dashed lines in figure (b) show the dependence of |ε3
1, µ| = |ε31, τ | on |gND3d3N1 | for |gND3d3N2 | = 0.1
and 10−5 while the dash–dotted and dotted lines correspond to |ε3
1, D3
| calculated for |gND3d3N2 | = 0.1 and
10−5 respectively.
(a) (b)
Figure 9: Logarithm (base 10) of the maximal values of |ε3
1, µ| = |ε31, τ | (a) and |ε31, D3 | (b) in the E6SSM
Model II versus log |gND3d3N2 | and log |gND3d3N1 | forM2 = 10M1 (fixing the ratioM1/M2 these asymmetries
become independent of M1). All couplings |hNHu
k
L4Nj
| and |hNHuαLxNj | (α = 1, 2) are set to zero. The solid
contour lines show steps of 2 in the logarithm (base 10) of the asymmetries.
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